Abstract Depending on the environmental conditions, surface sediments can retain all the contaminants present and provide a record of the anthropic activities affecting the aquatic environment. In order to analyze the impacts on reservoirs, surface sediments were collected in three characteristic regions (riverine, transitional, and limnetic zones) of seven reservoirs in São Paulo State, Brazil. Analyses were made of grain size, organic matter (OM), total phosphorus (TP), and total nitrogen (TN). Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was used to determine pseudo-total and bioavailable metals (Cu, Cd, Cr, Ni, Pb, Zn, Mn, Fe, and Al). A Horiba probe was used to measure dissolved oxygen (DO), pH, redox potential (ORP), and temperature (Temp) in the bottom water. The data were analyzed using multivariate statistics. Enrichment factors (EF), pollution load index values (PLI), and background values (BG) were also determined in order to evaluate the potential toxicity. Intra-reservoir and inter-reservoir spatial heterogeneity (p < 0.05) were observed using two-way analysis of similarities. Principal component analysis indicated greater influence of metals in the Barra Bonita, Salto Grande, and Rio Grande reservoirs, corroborating the PLI, EF, and BG data. Bioavailable Cu was found in the Rio Grande reservoir, possibly associated with copper sulfate used to control algal blooms, while bioavailable Ni in the Barra Bonita reservoir was attributed to the presence of industrial wastes and natural geology. The bottom water conditions indicated that the metals remained in insoluble forms.
Introduction
Metals are an important class of pollutants that can cause adverse effects, depending on concentration and the environmental conditions (Iqbal et al. 2016) . The sources of metals can be lithologic, biotic, or anthropogenic (Zahra et al. 2014) . Lithologic sources include rock weathering and the erosion of margins. Biotic sources involve processes such as bioturbation/ bioirrigation (He et al. 2017) . Anthropogenic sources include inputs associated with discharges of domestic and industrial effluents, agricultural activities, and atmospheric deposition (Superville et al. 2015; Wang et al. 2015; Tzoraki et al. 2015) .
When they enter aquatic ecosystems, especially reservoirs, metals can cause toxic effects, accumulate in flora and fauna, be transported to other water bodies, and contaminate foods consumed by humans (Arnason and Fletcher 2003; Sundaray et al. 2011; US EPA 2016) . In some cases, bioaccumulation and biomagnification can occur. Metals interact with the abiotic components of the ecosystem and tend to precipitate and accumulate in sediments (Zhang et al. 2016) .
Tributaries, nutrient loads, sediment transport, morphology, hydrology, allochthonous or autochthonous organic matter, water discharge for electricity generation or public supply, and seasonal pulses can all affect the residence time of the water, cause spatial compartmentalization of reservoirs, and determine both lotic and lentic characteristics, favoring the formation of longitudinal gradients (Thornton et al. 1990 ). According to the theory of Thornton et al. (1990) , higher metals and nutrient concentration are expected to be observed in the dam area due to sedimentation patterns. The low velocity of water characteristic of this area reflects the settling of both fine and colloidal material, which has an important adsorption capacity for these elements. On the other hand, the river zone, where sedimentation of sand and coarse silt occurs, turbidity minimizes light penetration, and the land uses, influences the loading of sediment and organic matter to reservoir. The transition zone has an intermediate characteristic of sorption which is not as high as in the dam zone; in this region, adsorption process of metals, nutrients, and dissolved organic compounds is initiated (Thornton et al. 1990 ). Several studies have identified the capacity of reservoirs to self-purify due to the decrease of water velocity from upstream to downstream (Wei et al. 2009; Gao et al. 2016) . However, other studies have found high concentrations of metals in the dam area, associated with anthropic activities in the regions surrounding reservoirs (Bing et al. 2016; Zhu et al. 2017) . Therefore, despite the capacity of reservoirs to self-purify, pressures exceeding the environmental support capacity can put both ecological equilibrium and ecosystem services at risk.
The sediment acts as a sink for contaminants (Zhu et al. 2017 ). However, depending on the environmental conditions, metals can become resuspended in the water column (Förstner and Wittman 1983) and represent a diffuse source of pollution. Furthermore, the sediment may also play an important role in the trophic dynamics of the ecosystem, by means of geochemical interactions between the water column and the sediment, including the release of nutrients (Mayer et al. 2006) . Studies of the surface sediments, together with the bottom and/or column water, can be used for elucidation of the temporal and spatial dynamics of contaminants and for evaluation of the effectiveness of reservoir management. Of special concern is the metal contamination assessment in sediments. Several lines of evidence have been applied in order to assist in decision-making processes and in the management of reservoirs with contaminated sediments. Some of the recognized lines of evidence applied in the scientific literature are the empirical sediment quality guideline values (SQGV), ISQG (interim sediment quality guideline), PEL (probable effect level) (CCME 1999), the enrichment factor (EF) index (Sutherland 2000) , and the pollution load index (PLI) (Tomlinson et al. 1980 ). This research is part of a broader project that aims to adapt the European water resource management criteria (provided in the European Union Water Framework Directive) to Brazilian conditions. According to European regulation EC 60/2000 (CIS 2000) , the first step is to establish a typology based on abiotic factors for each type of water body. The application of the typology is based on the hypothesis that different abiotic conditions result in distinct biological and ecological characteristics. The reservoirs studied here were selected based on a previous study conducted by Cardoso Silva et al. (submitted for publication) , who proposed a typology for São Paulo State reservoirs, distinguishing four types of reservoir (I, II, III, and IV). The authors established the classification based on the following abiotic variables: longitude, latitude, altitude, reservoir size and average depth, annual precipitation average, and the drainage basin area. This work presents data for seven reservoirs of two types (I and II). The type (I) reservoirs are located in the eastern part of São Paulo State, with the highest elevations and the highest historical average rainfall. The values of these variables decrease progressively for the type (II) reservoirs located between the eastern and western regions of São Paulo State, which are generally larger and have more extensive drainage basins, compared to the type I reservoirs. The hypothesis adopted in this work was that different abiotic conditions result in distinct biological and ecological characteristics.
This study represents part of an analysis of the pressures and impacts on these water bodies in accordance with the Water Framework Directive recommendations. The current research had two main objectives. The first one was to investigate the spatial heterogeneity of metals, nutrients, and sediment quality in the main theoretical compartments of reservoirs, namely the river, transitional, and dam zones (Thornton et al. 1990) , in order to assess if these areas were in fact distincted among them according to Thornton's assumptions and to evaluate the spatial heterogeneity between different reservoirs. It will be specially evaluated if the metal content tends to be higher in the dam area as observed by Mariani and Pompêo (2008) in Rio Grande reservoir and Pompêo et al. (2013) in Guarapiranga. The second objective was to determine the extent of the contamination, the bioavailability, and the ecological risk by applying several criteria such as comparison with regional backgrounds (RB) and by using international indexes: enrichment factors, pollution load indexes, and sediment quality guideline values. With this data, it will be possible to identify areas that require efforts to control contamination levels and assist the establishment of water resources monitoring and management programs.
Materials and methods

Study area
Surface sediments were sampled in seven reservoirs: Broa (sampled on June 11, 2015), Barra Bonita (June 18, 2015) , Salto Grande (June 25, 2015) , Itupararanga (September 10, 2015) , Igaratá (September 24, 2015) , Atibainha (October 1, 2015) , and Rio Grande (Billings Complex) (October 8, 2015) , all located in São Paulo State, Brazil ( Fig. 1 ; Table 1 ).
The Barra Bonita, Salto Grande, and Itupararanga reservoirs can be characterized as being influenced by the presence of intense agricultural activities along their margins, as well as sewage inputs from urban areas (Buzelli and Cunha-Santino 2013; Fonseca and Matias 2014; Frascareli et al. 2015; Tundisi et al. 2015) . The Salto Grande reservoir basin is influenced by a petrochemical complex that can negatively affect the water quality of this important water source, including contamination by metals (Leite et al. 2004 ). The Atibainha reservoir belongs to the Cantareira System, and the Rio Grande reservoir is located in the Billings Complex (Mariani and Pompêo 2008) , both in basins lacking adequate sewage treatment systems. The Broa reservoir (the smallest one) is impacted by inputs of untreated domestic sewage, resulting in high trophic levels (Tundisi et al. 2015) . This reservoir has also been found to be affected by metals originating from fishing, boats, fuel use, and paint residues (Dornfeld et al. 2001) .
The three sampling sites selected at each reservoir are shown in Fig. 1 , where R indicates the main river water inlet area, C the central region, and D the dam region, according to the compartmentalization theory of Thornton et al. (1990) .
Sediment sampling
At each sampling station, surface sediment (4 cm) was sampled three times with a 400 cm 2 Lens type dredge. The sediments were stored in 100 mL plastic bottles that had been previously washed with 10% nitric acid. The bottles were kept in the dark in insulated bags. In the laboratory, the sediments were dried at 50°C in a forced aeration oven and were then macerated using a glass mortar and pestle.
Determination of metals
The dry sediments were prepared according to Method 3050 B of US EPA series SW-846 (US EPA 1996) for the analysis of Cd, Cr, Ni, Pb, Zn, and Mn, as well as the conservative elements Al and Fe. For samples with levels above background, analysis was made of metals weakly bound to the sediment, corresponding to the potentially bioavailable fraction (Mozeto et al. 2014; Cardoso-Silva et al. 2016b ), following the procedure described by DePaula and Mozeto (2001) . The metal analyses were performed by inductively coupled plasma-atomic emission spectroscopy (ICP-OES), using an Agilent Model 720 instrument. The background values were estimated based on the three bottommost mean concentrations of a core collected in the dam area of each reservoir. The data for this analysis correspond to of another study currently under development.
Measurement of other sediment parameters
Determination of organic matter was performed using the ignition method (Meguro 2000) . The grain size was determined by mechanical separation of particles larger than 2 mm by sieving (sieve no. 10 mesh ABNT) and subsequent sedimentation of particles smaller than 2 mm (sieve size opening 63 μm, 230 mesh ABNT) (Piper 1947 , modified by Meguro 2000 . Determination of the total phosphorus (TP) content in the sediment followed the Andersen method (1976) , as described by Pompêo and Moschini-Carlos (2003) , with measurement of absorbance using a Micronal AJX-1900 spectrophotometer. Total nitrogen (TN) was determined by the method of digestion in concentrated sulfuric acid, followed by distillation with collection in boric acid (Eaton et al. 2005 ).
Analysis of the bottom water and trophic state of the column water
At each sampling station, the parameters measured in the bottom water included dissolved oxygen (DO), pH, electrical conductivity (EC), temperature (Temp), and redox potential (ORP), using a multi-parameter probe (U52, Horiba). These analyses were performed in order to assess the possibility of metals being released into the water column. The trophic state index (TSI) values were set according to the method of Carlson (1977) , modified by Lamparelli (2004) for tropical and subtropical environments, using measurements of total phosphorus (TP) and chlorophyll-a (Cl-a). Cl-a was determined as described by Wetzel and Likens (1991) . TP was measured using the method of Valderrama (1981) . In the TSI calculation, the phosphorus and chlorophyll-a values were expressed in milligrams per liter. This analysis employed the integrated water column, which was collected using a plastic tube 2 cm in diameter (INAG 2009; Navarro et al. 2006; Becker et al. 2010) . The integrated water column represented the depth of the photic zone, which was determined by multiplying the Secchi disk depth by 2.7 (Cole 1994; Huszar et al. 2000; Soares et al. 2008; Sevindik et al. 2017) . Previous studies have linked the eutrophication of some of the studied reservoirs (Mariani and Pompêo 2008) to metals contamination, and the TSI is an important tool for evaluation of the allochthonous contribution of possible contaminants in the aquatic ecosystem.
Quantification of sediment pollution
Sediment quality guideline values
The empirical SQGs established by CCME (1999) were used to evaluate the toxic effects of the metals, considering the interim sediment quality guideline (ISQG)/ threshold effect level (TEL) and the probable effect level (PEL). When the metal concentration is less than the TEL value, toxicity is unlikely to occur (i.e., fewer than 25% adverse effects occur below the TEL), while if the concentration is higher than the PEL, toxicity is likely to occur (i.e., more than 50% adverse effects occur above the PEL). For concentrations between the ISQG and the PEL, toxic effects are uncertain. Other data used were the regional background (RB) concentrations determined by sediment core analysis (Table 2) .
Enrichment factor
Contamination by metals can be evaluated using enrichment factors to normalize the data, according to Eq. 1 (Sutherland 2000) :
where EF is the enrichment factor, Me/El is the ratio of the concentrations of the metal analyzed and the conservative element in the sample, and Mer/Elr is the ratio of the regional reference value for the analyzed metal and the value for the conservative element.
Pollution load index
The degree of pollution by metals in the sediment can be assessed using the PLI defined as the nth root of the multiplications of the contamination factor of metals (CF), calculated using Eq. 2 (Tomlinson et al. 1980) :
where CF (= C metal /C background ) is the ratio between the metal concentration in the sample and the regional background (RB) value (Table 2) , and n is the number of metals. Table 3 lists the index values and their attributions.
Statistical analysis
The spatial distribution and geochemistry of the metals were evaluated using principal component analysis (PCA) based on a correlation matrix (Legendre and Legendre 1998) . The data were standardized by z-score, and the aluminum background for each reservoir was used for normalization ( Table 2 ). The spatial heterogeneity of the reservoirs was assessed by analysis of similarity (two-way ANOSIM), employing correlation between distance matrices. A correlation table was also constructed using Spearman distances among the data for particle size, OM, and nutrients in the sediment and water, for all the reservoirs studied, in order to identify significant correlations (ρ > 0.7) of the variables. The software packages used were PAST 2.7 (Hammer et al. 2001 ) and R (Oksanen et al. 2011) .
Results and discussion
The existence of spatial heterogeneity in the surface sediments was evident between sample points and between the seven analyzed reservoirs, with the formation of a gradient along the reservoir for some variables and reservoirs. The heterogeneity was evidenced by the statistical analyses, both the basic descriptive and the multivariate analyses.
Sediment characterization
In all the reservoirs studied, the sediment particle size distribution was dominated by the fine grain size siltclay fraction (< 63 μm). The contribution of this fraction increased from upstream to downstream in the Broa, Salto Grande, Rio Grande, and Barra Bonita reservoirs. Souza and Wasserman (2015) found that predominance of fine fractions indicatives a low-energy environment and was associated with the preservation of organic matter. The OM contents of the sediments exceeded 10% for all the reservoirs, with the highest average levels observed in the Broa (28 ± 0.99%) and Barra Bonita (24 ± 2.72%) reservoirs, where concentrations exceeded 30% in the dam areas (Table 4 ). The organic loads that enter the reservoirs can lead to high concentrations of nutrients in sediments (Burger et al. 2007; Li et al. 2016) . Spearman test (with data for all the reservoirs) showed positive correlations (ρ > 0.7) between the phosphorus concentrations in the water and the sediments (ρ = 0.81), as well as between the concentration of phosphorus in the sediment and the trophic state of the water column (ρ = 0.72). These results suggested that the flow of nutrients from the sediments represents a significant fraction of the requirement for primary production in the water column (Søndergaard et al. 1999) . The trophic conditions of the reservoirs ranged from hypereutrophic to oligotrophic, with the Salto Grande and Barra Bonita reservoirs classified as hypereutrophic. Although the Broa reservoir is considered oligomesotrophic most of the time (Tundisi et al. 2015) , in this work, the reservoir was showed as supereutrophy. The Rio Grande and Itupararanga reservoirs were classified as eutrophic, while the Igaratá and Atibainha reservoirs were oligotrophic (Table 4 ). The trophic state therefore followed the order: Salto Grande > Broa > Barra Bonita > Rio Grande = Itupararanga > Igaratá = Atibainha.
According to the Ontario Sediment Quality Guidelines (SQG), the concentrations of TP in the Barra Bonita reservoir sediment could be considered high, . For TN, the Broa, Barra Bonita, and Rio Grande reservoirs presented concentrations above 4.8 g kg −1 , indicating possible severe effects.
The other reservoirs mostly presented concentrations between 0.5 and 4.8 g kg
, indicating lower effects, while values below 0.5 g kg −1 were found for the transitional and dam areas of the Salto Grande reservoir.
In the Itupararanga and Broa reservoirs, the nutrients (TN and TP) showed the highest levels upstream, indicating significant pollution sources upstream of these reservoirs, as expected for reservoirs with anthropic influence or waste water inputs ). The same trend was found for TN in the Barra Bonita, Igaratá, and Salto Grande reservoirs and for TP in the Rio Grande reservoir. Increasing horizontal concentrations of TN in the Rio Grande and Atibainha reservoirs, and TP in the Barra Bonita and Igaratá reservoirs, might have been due to the surrounding activities in the watersheds of these reservoirs.
Metals
The comparison of metal concentrations with background reference values can be used to indicate the degree of metal enrichment (Zahra et al. 2014) . In the present work, enrichment associated with anthropogenic activities was observed, with values above background for Cu in the Rio Grande (2914.08 ± 1704.52 mg kg The highest concentrations were found for Al and Fe, due to the natural levels found in the clay minerals of these sediments (Landajo et al. 2004) .
The Rio Grande reservoir (in the Billings Complex) showed the highest levels of Cu, which were approximately 58-fold higher than the RB (Table 2) , on average, with some sample stations showing values 100-fold higher (Table 5 ) than the background value. The concentration of Cu increased from upstream to downstream, with the highest value in the dam area. The Rio Grande reservoir is located in an extremely urbanized area and is impacted by the dumping of domestic waste. Recent studies have investigated eutrophication and water management in this reservoir (Wengrat et al. 2011; Cardoso-Silva et al. 2014) . In order to control phytoplankton growth, the company responsible for the public water supply in São Paulo State (SABESP) has employed algicides such as copper sulfate and hydrogen peroxide (Moschini-Carlos et al. 2009; Pompêo et al. 2015a, b) . As a result, there is an accumulation of Cu in the sediment, especially in the dam area, where water is extracted for the public water supply. This preventive management is more intense in this region, since eutrophication can result in blooms of potentially toxic cyanobacteria (Wetzel 2001; Beghelli et al. 2016) .
There are three main processes that control the level of copper in the water column, namely complexation, precipitation, and adsorption (Flemming and Trevors 1989) , with action of a variety of ligands (hydroxyl and carbonate ions; nitrogen species; phosphates; organic matter; Fe, Mn, and Al hydrous oxides; sulfides; clay minerals) (Chapman et al. 1999; US EPA 2005; Díez et al. 2017) . The speciation and solubility of Cu is dependent mainly on organic matter, pH, and Eh (Sauvé et al. 1996) . Under anaerobic conditions, Cu is reduced and forms highly stable complexes with sulfides (Di Toro et al. 1990 ). In the case of the Rio Grande reservoir, despite the high levels of metals (especially --1 9 7 9 0 3 6 9 1 . 5 3 1 5 -a CCME (1999) Cu), Mariani and Pompêo (2008) observed high levels of sulfide and found that the metals were not bioavailable. However, a concern is that the Rio Grande reservoir presents the characteristics of a shallow and polymictic reservoir (Mariani and Pompêo 2008) , and these conditions can lead to the transfer of oxygen to the bottom water and remobilization of metals to the water column. Therefore, the monitoring of levels of metals in both the water column and the sediment is important for maintenance of environment quality. The Salto Grande reservoir showed higher metal concentrations in the upstream reservoir zone. The existence of urban areas, intense livestock grazing, production of sugarcane and citrus, and mining (Fonseca and Matias 2014) has led to a reduction in water quality due to the eutrophication process (Tundisi et al. 2015) , together with the accumulation of toxic components in the sediment. These anthropic impacts in the Salto Grande watershed, and consequently in the reservoir, are of concern and are exacerbated by the activities of a petrochemical complex located upstream of the reservoir (Dornfeld et al. 2005) . The effluents discharged into the Atibaia River, the main tributary of the Salto Grande reservoir, lead to high concentrations of metals in both the sediment and the water (Leite et al. 2004 ). The National Sanitation Information System (SNIS) provides data for the year 2014 concerning the collection and treatment of sewage from the city of Americana. Although 94.68% of the sewage collected was treated, only 50% of the total sewage was collected in the municipality (SNIS 2016) , suggesting that 50% of the total sewage remained untreated and could have been discharged in natura into water bodies. The results for the upstream region indicated high concentrations of metals that were likely to have been originated from industrial activities along the Atibaia River as well as operational deficiencies in the sewage collection system.
The Barra Bonita reservoir is characterized by intense agricultural activity along the margins, especially sugarcane monoculture. This, coupled with the absence of riparian vegetation, contributes to the leaching of metals derived from pesticides and fertilizers used on crops. In addition, the Barra Bonita reservoir is located downstream of the highly industrialized and urbanized Piracicaba river basin, which contributes to the enrichment of the reservoir with metals (Rodgher et al. 2005; Smith and Espindola 2014) as well as nutrients (Belluta et al. 2016) . The Barra Bonita reservoir showed levels increasing in the upstream-downstream direction for Cu, Ni, Mn, and Fe, while concentrations decreasing in the upstream-downstream direction were observed for Cr, Zn, and Pb. The metals Cr, Zn, and Ni have been associated with landfill activities in the region (Sisinno and Moreira 1996) , while Pb is present in certain dyes. The high concentrations of metals found in the Barra Bonita reservoir could therefore be attributed to the upstream activities associated with multiple land uses; beside, poor sewage treatment also contributes to the decreased environmental quality of the surface sediments.
Enrichment factors, pollution load indexes, sediment quality guidelines, and bioavailability of the metals
The EF values indicated considerable enrichment of Cu in the entrance area of the Rio Grande reservoir, high enrichment in the transitional region, and very high enrichment in the dam area ( Table 6 ). The elements Ni and Mn showed moderate enrichment in the transitional and dam areas. The PLI values increased in the direction of water flow, probably due to the strong influence of Cu.
The EF values for the Barra Bonita reservoir indicated depletion or very low enrichment of Ni in the dam area. The EF values for Mn in the Broa, Salto Grande, and Atibainha reservoirs were indicative of depletion or very low enrichment in the dam area (Table 6 ). These reservoirs, with the exception of the Atibainha reservoir, showed increases in line with the anthropic activities, in agreement with the results of the descriptive statistics and the background values ("Metals" section).
Although the concentrations of some metals were above the background in the Atibainha reservoir, the EF and PLI values did not indicate significant enrichment, except in the case of Mn, for which the EF was considered moderate (Table 6 ). There are no historical records for metal contamination in this reservoir.
Enrichment of metals in the Rio Grande and Barra Bonita reservoirs followed horizontal trends, with high concentrations in the dam regions, where the metals accumulated due to the intrinsic hydrological and morphological characteristics of these regions, including a predominance of smaller particles (clay), presence of OM (Mariani and Pompêo 2008; Pompêo et al. 2013; Cardoso-Silva et al. 2016a) , and slower water velocity (Wei et al. 2009 ). These characteristics are expected for an artificial environment in which particles tend to precipitate out in the direction of the water flow.
Despite the evidence of enrichment, observed through ISQG/TEL and PEL values, toxicity was only likely to be associated with Cu in the Rio Grande reservoir and Ni in the Barra Bonita reservoir. The Salto Grande reservoir showed possible toxicity of Cu (Table 7) .
The toxicity levels should be considered in light of the physical and chemical characteristics of the environments that might favor the retention of metals in sediments. The DO values for the bottom water of the sampled areas were 1.68 ± 0.36 mg L −1 (Barra Bonita),
1.03 ± 0.23 mg L − 1 (Rio Grande), and 2.30 ± 0.25 mg L −1 (Salto Grande). The presence of high loads of organic material and the predominantly fine particle size of the surface sediments provided a reducing environment favorable for metal immobilization (Jain et al. 2007) . Such conditions can lead to the formation of sulfides, which then reduce iron and manganese oxides to highly insoluble forms, in combination with other metals (Di Toro et al. 1990; Fagnani et al. 2011 ). Mariani and Pompêo (2008) found that sulfides were responsible for controlling the bioavailability of metals in sediments of the Rio Grande reservoir, and although this reservoir contained high concentrations of metals, the presence of sulfides could help to maintain them in insoluble forms unavailable to biota. Besides the high levels of sulfides, the authors also observed elevated levels of organic matter and high pH.
Spatial heterogeneity between and within reservoirs
The spatial heterogeneity among the reservoirs was investigated using PCA (Fig. 2) . Based on the eigenvalues, two principal components (PCs) explained 57.38% of the total variance. PC 1 explained 30.2% of the variance and was mainly influenced by the variables Al ( and Clay (0.52) were negatively associated with PC 1 and determined the PCA map position of the Rio Grande reservoir, which showed significant signs of metal contamination. PC 2 explained 27.5% of the total variance and was mainly influenced by the variables Ni (0.86), Mn (0.81), TP (0.91), TP water (0.87), EC bot (0.81), and TN water (0.72), reflecting the higher trophic levels in the Salto Grande and Barra Bonita reservoirs. These reservoirs were also influenced by the variables EC, DO, and Temp (bottom water); TP and Chl-a (water column); For abbreviations, see the legend of Fig. 1 and TP (sediment). They showed the highest levels of EC (374 ± 26 and 279 ± 2.4 μS cm The Atibainha, Igaratá, and Itupararanga reservoirs were positively associated with PC 1 and negatively associated with PC 2. These reservoirs also presented low oxygenation levels and were the deepest (order of depth: Igaratá > Atibainha > Rio Grande > Itupararanga). The low oxygen values could have been due to the effects of depth and stratification processes. These reservoirs also showed slightly basic pH, the lowest EC values (Atibainha 46 ± 1.4; Igaratá 44.33 ± 17.11; Rio Grande 107 ± 1.22; Itupararanga 81.67 ± 1.56 μS cm −1 ), and the longest residence times.
In summary, the PCA results evidenced the heterogeneity between reservoirs; it indicated the existence of four groups of reservoirs, as follows: (group 1) Salto Grande and Barra Bonita; (group 2) Broa; (group 3) Igaratá, Itupararanga, and Atibainha; and (group 4) Rio Grande. These groups highlighted the differences among the reservoirs in terms of morphology and impacts and were created as a function of the variables residence time, nutrients in water and sediment, granulometry, OM in sediment, and DO, ORP, and pH of the bottom water. The reservoirs with greater depth and longer residence times were in groups 3 and 4, while those with shallower depth and shorter residence times were in groups 1 and 2. The metal concentrations and eutrophication also contributed to the formation of groups, notably group 4 (metals) and groups 1 and 2 (nutrients). Group 3 was least impacted by metals and nutrients.
For metals in sediments, the spatial distribution followed different patterns between the points and the metals in the different reservoirs. Based on the data of normalized metals through the enrichment factor (Table 6 ) and through linear regressions with these data (supplementary material), it is observed that in general the Broa reservoir presented higher enrichment factors for metals in the fluvial area as well as the Atibainha and Salto Grande reservoir for Cr, Ni, Zn, and Mn and in Salto Grande also for Cu. These variations were possibly associated to the operating regime of these reservoirs, promoting the sedimentation of these elements before reaching the dam. In these reservoirs, on the other hand, the highest nutrients and organic matter concentrations were observed in the dam area as a condition previous described by Thornton et al. (1990) . In Rio Grande reservoir, an upstream-downstream gradient was observed and the highest concentrations of metals, nutrients, and OM in the sediments were determined in the dam. Especially for Cu, this pattern might be associated with two main factors: (1) the copper sulfate application which predominantly takes place in this area and (2) the presence of important binding phases in higher levels as fine-grained sediments and organic matter. In Barra Bonita, Igaratá, and Itupararanga reservoirs, there was no clear gradient for metal upstream-downstream. All these variations might be associated to both the dynamics of operation of these water bodies and the land use and occupation of the river basins.
Conclusions
The data revealed that both intra-and inter-reservoir spatial heterogeneity were mainly influenced by anthropogenic activities, which were associated with trophic state increases in the Broa, Salto Grande, and Barra Bonita reservoirs. There was evidence of anthropogenic metal contamination, especially in the Rio Grande, Barra Bonita, and Salto Grande reservoirs. Not all reservoirs or metals had highest metal levels in the dam area as expected; this was possibly associated to geological characteristic as well as to different anthropic impact levels in the watersheds. Besides the signs of contamination, the use of SQGVs indicated that toxicity was likely to occur in the Rio Grande and Barra Bonita reservoirs. However, the environmental conditions, together with the characteristics of the water and sediment, suggested that the metals would not be present in bioavailable forms. Ecotoxicological tests are recommended for these ecosystems, because the absence of bioavailability does not mean that the metals do not exert toxicity. This research is important for improving understanding of the functioning and dynamics of reservoirs, as well as for assisting in the establishment of water resources monitoring and management programs, since different degrees of contamination can require different ways of operating and treating the system. Given the high number of water bodies potentially affected by metal contamination, we believe that this work can be useful in other geographical contexts.
